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(57) ABSTRACT

A semiconductor device of an embodiment includes: an
n-type first SiC epitaxial layer; a p-type second SiC epitaxial
layer provided on the first SiC epitaxial layer and contains a
p-type impurity and an n-type impurity, the p-type impurity
being an element A, the n-type impurity being an element D,
the element A and the element D forming a combination of Al,
Ga, or In and N, and/or a combination of B and P, the ratio of
the concentration of the element D to the concentration of the
element A in the combination(s) being higher than 0.33 but
lower than 1.0; n-type first and second SiC regions provided
in the surface of the second SiC epitaxial layer; a gate insu-
lating film; a gate electrode; a first electrode provided on the
second SiC region; and a second electrode provided on the
opposite side from the first electrode.

11 Claims, 15 Drawing Sheets
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1
SEMICONDUCTOR DEVICE HAVING
SILICON CARBIDE EPITAXIAL LAYERS
AND METHOD OF MANUFACTURING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2013-160781,
filed on Aug. 1, 2013, the entire contents of which are incor-
porated herein by reference.

FIELD

Embodiments described herein relate generally to a semi-
conductor device and a method of manufacturing the same.

BACKGROUND

SiC (silicon carbide) is expected to be a material for next-
generation power semiconductor devices. SiC has excellent
physical properties, having a band gap three times wider than
that of Si (silicon), a breakdown field strength approximately
10 times higher than that of Si, and a heat conductivity
approximately three times higher than that of Si. A power
semiconductor device that has low energy loss and is capable
of high-temperature operation can be realized by taking
advantage of those properties.

Meanwhile, the drawback of SiC is that the mobility of
carriers becomes lower due to residual defects or the like.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic cross-sectional view of a semicon-
ductor device of a first embodiment;

FIG. 2 is a process flowchart showing a method of manu-
facturing the semiconductor device of the first embodiment;

FIG. 3 is a schematic cross-sectional view illustrating the
method of manufacturing the semiconductor device of the
first embodiment;

FIG. 4 is a schematic cross-sectional view illustrating the
method of manufacturing the semiconductor device of the
first embodiment;

FIG. 5 is a schematic cross-sectional view illustrating the
method of manufacturing the semiconductor device of the
first embodiment;

FIG. 6 is a schematic cross-sectional view illustrating the
method of manufacturing the semiconductor device of the
first embodiment;

FIG. 7 is a schematic cross-sectional view illustrating the
method of manufacturing the semiconductor device of the
first embodiment;

FIG. 8 is a schematic cross-sectional view illustrating the
method of manufacturing the semiconductor device of the
first embodiment;

FIG. 9 is a diagram for explaining the function of co-
doping;

FIG. 10 is a diagram for explaining the function of co-
doping;

FIG. 11 is a diagram for explaining the function of co-
doping;

FIG. 12 is a diagram for explaining the function of co-
doping;

FIG. 13 is a diagram for explaining the function of co-
doping;
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FIG. 14 is a diagram showing the relationship between Al
and N concentrations and sheet resistance in the case of
n-type SiC;

FIG. 15 is a diagram showing the relationship between N
and Al concentrations and sheet resistance in the case of
p-type SiC;

FIGS. 16A through 16D are graphs showing depth-direc-
tion impurity profiles of the semiconductor device of the first
embodiment; and

FIG. 17 is a schematic cross-sectional view of a semicon-
ductor device of a second embodiment.

DETAILED DESCRIPTION

A semiconductor device of an embodiment includes: an
n-type first SiC epitaxial layer; a p-type second SIC epitaxial
layer provided on the first SiC epitaxial layer, the p-type
second SiC epitaxial layer containing a p-type impurity and
an n-type impurity, the p-type impurity being an element A,
the n-type impurity being an element D, the element A and the
element D forming at least one of a first combination or a
second combination, the first combination being a combina-
tion of the element A selected from a group consisting of Al
(aluminum), Ga (gallium), and In (indium) and the element D
being N (nitrogen), the second combination being a combi-
nation of the element A being B (boron) and the element D
being P (phosphorus), a ratio of a concentration of the ele-
ment D to a concentration of the element A forming at least
one of the combinations being higher than 0.33 but lower than
1.0; an n-type first SiC region provided at a surface of the
p-type second SiC epitaxial layer, the n-type first SiC region
having a depth equal to or greater than a thickness of the
p-type second SiC epitaxial layer; an n-type second SiC
region provided at the surface of the p-type second SiC epi-
taxial layer, the n-type second SiC region being separated
from the n-type first SiC region, the n-type second SiC region
having a depth smaller than the thickness of the p-type second
SiC epitaxial layer; a gate insulating film provided on the
surface of the p-type second SiC epitaxial layer; a gate elec-
trode provided on the gate insulating film; a first electrode
provided on the n-type second SiC region; and a second
electrode provided on the opposite side of the n-type first SiC
epitaxial layer from the first electrode.

The following is a description of embodiments, with ref-
erence to the accompanying drawings. In the following
description, like components are denoted by like reference
numerals, and explanation of components described once will
not be repeated.

Inthe following description, n*, n,n~, p*, p, and p~ indicate
relative levels of impurity concentrations in the respective
conductivity types. Specifically, the concentration of an
n*-type impurity is relatively higher than the concentration of
the corresponding n-type impurity, and the concentration of
an n~-type impurity is relatively lower than the concentration
of the corresponding n-type impurity. Likewise, the concen-
tration of a p*-type impurity is relatively higher than the
concentration of the corresponding p-type impurity, and the
concentration of a p~-type impurity is relatively lower than
the concentration of the corresponding p-type impurity. It
should be noted that there are cases where an n* type and an
n~ type are referred to simply as an n-type, and a p* type and
ap type are referred to simply as a p-type.

(First Embodiment)

A semiconductor device of this embodiment includes: an
n-type first SiC epitaxial layer; a p-type second SiC epitaxial
layer that is formed on the first SiC epitaxial layer and con-
tains a p-type impurity and an n-type impurity, the p-type
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impurity being an element A, the n-type impurity being an
element D, the element A and the element D forming a com-
bination of Al (aluminum), Ga (gallium), or In (indium) and
N (nitrogen), and/or a combination of B (boron) and P (phos-
phorus), the ratio of the concentration of the element D to the
concentration of the element A in the combination(s) being
higher than 0.33 but lower than 1.0; an n-type first SiC region
that is formed at the surface of the second SiC epitaxial layer,
and has a depth equal to or greater than the thickness of the
second SiC epitaxial layer; an n-type second SiC region that
is formed separated from the n-type first SiC region at the
surface of the second SiC epitaxial layer, and has a depth
smaller than the thickness of the second SiC epitaxial layer; a
gate insulating film that is formed continuously in the sur-
faces of the first SiC region and the second SiC epitaxial
layer; a gate electrode formed on the gate insulating film; a
first electrode formed on the second SiC region; and a second
electrode formed on the opposite side of the first SiC epitaxial
layer from the first electrode.

In this embodiment, the depth-direction concentrations of
the element D and the element Ain the above combination(s)
in the second SiC epitaxial layer preferably become lower in
the direction from the first SiC epitaxial layer toward the gate
insulating film.

FIG. 1 is a schematic cross-sectional view of the structure
of a MOSFET (Metal Oxide Semiconductor Field Effect
Transistor) that is a semiconductor device of this embodi-
ment. The MOSFET 100 is an n-type vertical MOSFET that
has electrons as carriers.

This MOSFET 100 includes an n-type SiC substrate (an
n-type SiC layer) 12 that has first and second planes. In FIG.
1, the first plane is the upper plane, and the second plane is the
lower plane. This SiC substrate 12 is a 4H—SiC substrate (an
n-substrate) containing N (nitrogen) as the n-type impurity at
an impurity concentration that is not lower than 1x10*® cm™>
and not higher than 1x10"° cm~, for example.

An n-type first SiC epitaxial layer (an n™-SiC layer) 14
containing the n-type impurity at an impurity concentration
that is not lower than 5x10'® cm™ and not higher than 2x10*¢
cm™>, for example, is formed on the first plane of the SiC
substrate 12. The thickness of the n™-SiC layer 14 is not
smaller than 5 um and not greater than 10 um, for example.

A p-type second SiC epitaxial layer (a p-well region) 16
containing a p-type impurity at an impurity concentration that
is not lower than 1x10'% cm™ and not higher than 5x10*7
cm™>, for example, is formed on the n~-SiC layer 14. The
thickness of the p-well region 16 is not smaller than 0.3 pm
and not greater than 1.0 pm, for example. The p-well region
16 functions as the channel region of the MOSFET 100.

The p-type second SiC epitaxial layer (the p-well region)
16 is co-doped with a p-type impurity (a first p-type impurity)
and an n-type impurity (a first n-type impurity). Where the
p-type impurity is an element A and the n-type impurity is an
element D, the element A and the element D form a combi-
nation of Al (aluminum), Ga (gallium), or In (indium) and N
(nitrogen) (a first combination), and/or a combination of B
(boron) and P (phosphorus) (a second combination). The ratio
of the concentration of the element D to the concentration of
the element A in the above combination(s) is higher than 0.33
but lower than 1.0. The concentration of the element A form-
ing part of the above combination(s) is preferably not lower
than 1x10"® cm™ and not higher than 5x10"7 cm™, so as to
set an appropriate threshold value in the MOSFET 100.

In the case of the first combination of Al (aluminum), Ga
(gallium), or In (indium) and N (nitrogen), for example, the
element A may be a single element selected from Al (alumi-
num), Ga (gallium), and In (indium). Alternatively, the ele-

10

15

20

25

30

35

40

45

50

55

60

65

4

ment A may be formed with two elements such as Al (an
element A,) and Ga (an element A,) or may be formed with
three elements such as Al (the element A ), Ga (the element
A,), and In (an element A,). In a case where the element A is
formed with more than one element, the element A may be
formed with two or three kinds of elements, as long as the
above described conditions on the ratio of the concentration
of'the element D to the concentration of the element A and on
the concentration of the element A are satisfied.

The first combination and the second combination can
coexist. However, the above described conditions on the ratio
of the concentration of the element D to the concentration of
the element A and on the concentration of the element A
should be satisfied with elements that form at least one of the
first and second combinations. In other words, each of the first
combination and the second combination should satisty the
conditions on the element ratio and the element concentra-
tion. This is because the later described trimers are not formed
between an impurity in the first combination and an impurity
in the second combination.

In a case where the Al concentration is 1x10'” cm™3, the Ga
concentration is 1x10'7 ¢m™, and the N concentration is
1x10'7 cm™, for example, N/(Al+Ga) is 0.5, and (Al+Ga) is
2%x10'7 ¢cm™>. In this case, the element ratio and the element
concentrations are within the ranges set by this embodiment.

In a case where the B concentration is 4x10'” cm™3, the P
concentration is 1x10'7 ¢m™, and the N concentration is
1x10'7 cm™3, for example, attention is paid only to B and P,
which forms the second combination. As a result, P/Bis 0.25,
which does not satisfy the element ratio condition, and the
element ratio is outside the range set by this embodiment.

Also, in a case where the Al concentration is 5x10*° cm™3,
the B concentration is 5x10*° cm™>, the N concentration is
2.5x10'® cm™, and the P concentration is 2.5x10' cm™,
N/Al is 0.5, which satisfies the ratio condition, but the Al
concentration is lower than 1x10'° cm ™~ in the first combina-
tion. In the second combination, P/B is 0.5, which satisfies the
ratio condition, but the B concentration is lower than 1x10*¢
cm~>. Therefore, either of the first and second combinations
does not satisfy the desirable element concentration condi-
tion.

It should be noted that this embodiment does not exclude
elements other than the above mentioned elements as p-type
impurities and n-type impurities. In the following, an
example case where the element A is Al (aluminum) and the
element D is N (nitrogen) is described.

An n™-type first SiC region (a JFET region) 17 containing
an n-type impurity at an impurity concentration of 5x10' to
110" cm™3, for example, is formed in part of the surface of
the p-type second SiC epitaxial layer (the p-well region) 16.
The depth of the JFET region 17 is equal to or greater than the
thickness of the p-well region 16. The JFET region 17 is
connected to the n™-SiC layer 14. The JFET region 17 func-
tions as a transfer path for electrons serving as carriers.

An n*-type second SiC region (a source region) 18 con-
taining an n-type impurity at an impurity concentration of
1x10*® to 1x10** cm™>, for example, is formed in part of the
surface of the p-type second SiC epitaxial layer (the p-well
region) 16. The depth of the source region 18 is smaller than
the thickness of the p-well region 16, and is approximately 0.3
um, for example. The source region 18 is located at a distance
from the JFET region 17, with the p-well region 16 being
located in between.

A p*-type third SiC region (a p-well contact region) 20
containing the p-type impurity at an impurity concentration
of 1x10"® to 1x10** cm™ is also formed in part of the surface
of'the p-well region 16 and on a side of the source region 18.
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The depth of the p-well contact region 20 is smaller than the
thickness of the p-well region 16, and is approximately 0.3
um, for example.

Agate insulating film 28 is continuously formed in the
surfaces of the JFET region 17 and the p-well region 16, so as
to extend across those regions. The gate insulating film 28
may be an SiO, film or a high-k insulating film, for example.

A gate electrode 30 is formed on the gate insulating film 28.
The gate electrode 30 may be made of polysilicon, for
example. An interlayer insulating film 32 formed with an
Si0, film, for example, is formed on the gate electrode 30.

The p-well region 16 interposed between the source region
18 and the JFET region 17 under the gate electrode functions
as the channel region of the MOSFET 100.

A conductive first electrode (a source/p-well common elec-
trode) 24 that is electrically connected to the source region 18
and the p-well contact region 20 is provided. The first elec-
trode (the source/p-well common electrode) 24 is formed
with a Ni (nickel) barrier metal layer 24a and an Al metal
layer 245 formed on the barrier metal layer 24a, for example.
The Nibarrier metal layer 24a and the Al metal layer 245 may
form an alloy through a reaction.

A conductive second electrode (a drain electrode) 36 is
formed on the side of the second plane of the SiC substrate 12.
The second electrode (the drain electrode) 36 is made of Ni,
for example.

In this embodiment, the n-type impurity is preferably N
(nitrogen) or P (phosphorus), for example, but it is possible to
use As (arsenic) or the like. Also, the p-type impurity is
preferably Al (aluminum), for example, but it is possible to
use B (boron), Ga (gallium), In (indium), or the like.

Next, a method of manufacturing the semiconductor
device of this embodiment is described.

A method of manufacturing the semiconductor device of
this embodiment includes: forming an n-type first SiC epi-
taxial layer by an epitaxial growth technique; forming a
p-type second SiC epitaxial layer on the first SiC epitaxial
layer by an epitaxial growth technique, amount of supplies of
a source gas of a p-type impurity and a source gas of an n-type
impurity being controlled, the p-type impurity being an ele-
ment A, the n-type impurity being an element ID, the element
A and the element D forming a combination of Al (alumi-
num), Ga (gallium), or In (indium) and N (nitrogen), and/or a
combination of B (boron) and P (phosphorus), the ratio of the
concentration of the element D to the concentration of the
element A in the combination(s) being higher than 0.33 but
lower than 1.0; forming an n-type first SiC region in the
surface of the second SiC epitaxial layer by n-type impurity
ion implantation, the n-type first SiC region having a depth
that is equal to or greater than the thickness of the second SiC
epitaxial layer; forming an n-type second SiC region at a
distance from the n-type first SiC region in the surface of the
second SiC epitaxial layer by n-type impurity ion implanta-
tion, the n-type second SiC region having a depth that is
smaller than the thickness of the second SiC epitaxial layer;
forming a gate insulating film in the surface of the second SiC
epitaxial layer; forming a gate electrode on the gate insulating
film; forming a first electrode on the second SiC region; and
forming a second electrode on the opposite side of the first
SiC epitaxial layer from the first electrode.

FIG. 2 is a process flowchart showing an example of the
method of manufacturing the semiconductor device of this
embodiment. FIGS. 3 through 8 are schematic cross-sectional
views illustrating the method of manufacturing the semicon-
ductor device of this embodiment.

As shown in FIG. 2, the method of manufacturing the
semiconductor device includes n™-type SiC epitaxial layer
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formation (step S100), p-type SiC epitaxial layer formation
(step S102), n-type impurity ion implantation (step S104),
n-type impurity ion implantation (step S106), p-type impurity
ion implantation (step S108), annealing (step S110), gate
insulating film formation (step S112), gate electrode forma-
tion (step S114), interlayer film formation (step S116), first
electrode formation (step S118), second electrode formation
(step S120), and annealing (step S122).

First, the n-type SiC substrate 12 that contains P (phospho-
rus) or N (nitrogen) as the n-type impurity at an impurity
concentration of approximately 5x10'® cm™3, has a thickness
0f'300 um, for example, and has a low resistance of 4H—SiC,
is prepared.

In step S100, the high-resistance n-type first SiC epitaxial
layer (the n™-SiC layer) 14 that contains N as the n-type
impurity at an impurity concentration of approximately
1x10'% cm™, for example, and has a thickness of approxi-
mately 10 pum is epitaxially grown on one of the planes of the
SiC substrate 12 by an epitaxial growth technique (FIG. 3).

In step S102, the p-type second SiC epitaxial layer (the
p-well region) 16 is formed on the n™-SiC layer 14 by an
epitaxial growth technique (FIG. 4). The p-type second SiC
epitaxial layer (the p-well region) 16 contains a p-type impu-
rity and an n-type impurity.

When the p-type second SiC epitaxial layer (the p-well
region) 16 is grown, a source gas of Si (silicon), a source gas
of C (carbon), a source gas of the n-type impurity, and a
source gas of the p-type impurity are simultaneously sup-
plied, to epitaxially grow p-type SiC. Where the p-type impu-
rity is an element A and the n-type impurity is an element D,
the element A and the element D form a combination of Al
(aluminum), Ga (gallium), or In (indium) and N (nitrogen),
and/or a combination of B (boron) and P (phosphorus). The
supply amounts (flow rates) of the p-type impurity source gas
and the n-type impurity source gas are controlled so that the
ratio of the concentration of the element D to the concentra-
tion of the element A in the combination(s) in the p-type SiC
being grown becomes higher than 0.33 but lower than 1.0.
With this arrangement, the ratio of the concentration of the
element D to the concentration of the element A in the above
combination(s) is higher than 0.33 but lower than 1.0. The
p-type second SiC epitaxial layer (the p-well region) 16 con-
tains Al as the p-type impurity, and N as the n-type impurity,
for example.

After that, patterning is performed by photolithography
and etching, to form a first mask material 42 that is made of
Si0,, for example. In step S104, with the first mask material
42 being used as an ion implantation mask, N as the n-type
impurity is implanted into the p-type second SiC epitaxial
layer (the p-well region) 16 through ion implantation, to form
the n-type first SiC region (the JFET region) 17 (FIG. 5).

That is, the n-type impurity at a higher concentration than
the p-type impurity concentration in the p-well region 16 are
implanted through ion implantation, to switch the conductiv-
ity types. The accelerating energy and the dose amount in the
ion implantation are adjusted so that the depth of the first SiC
region (the JFET region) 17 becomes equal to or greater than
the thickness of the second SiC epitaxial layer.

After that, patterning is performed by photolithography
and etching, to form a second mask material 44 that is made
of' Si0,, for example. In step S106, N as the n-type impurity
is implanted into the p-well region 16 through ion implanta-
tion by using the second mask material 44 as an ion implan-
tation mask, to form the second SiC region (the source region)
18 (FIG. 6). The accelerating energy and the dose amount in
the ion implantation are adjusted so that the depth of the
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second SiC region (the source region) 18 becomes smaller
than the thickness of the second SiC epitaxial layer.

After that, patterning is performed by photolithography
and etching, to form a third mask material 46 that is made of
Si0,, for example. In step S108, Al as the p-type impurity is
implanted into the p-well region 16 through ion implantation
by using the third mask material 46 as an ion implantation
mask, to form the third SiC region (the p-well contact region)
20 (FIG. 7). The accelerating energy and the dose amount in
the ion implantation are adjusted so that the depth of the third
SiC region (the p-well contact region) 20 becomes smaller
than the thickness of the second SiC epitaxial layer.

In step S110, after the p-well contact region 20 is formed,
annealing for activation is performed. The conditions for the
annealing are that an argon (Ar) gas is used as the atmosphere
gas, the heating temperature is 1600° C., and the heating
period is 30 minutes, for example. At this point, the impurities
implanted into the SiC can be activated, but diffusion is small.

In step S112, the gate insulating film 28 that is formed with
an Si0, film, for example, is formed by CVD (Chemical
Vapor Deposition) or thermal oxidation. In step S114, the
gate electrode 30 that is made of polysilicon, for example, is
formed on the gate insulating film 28. In step S116, the
interlayer insulating film 32 that is formed with an SiO, film,
for example, is formed on the gate electrode 30 (FIG. 8).

In step S118, the conductive first electrode (the source/p-
well common electrode) 24 that is electrically connected to
the source region 18 and the p-well contact region 20 is
formed. The first electrode (the source/p-well common elec-
trode) 24 is formed by Ni (nickel) and Al sputtering, for
example.

In step S120, the conductive second electrode (the drain
electrode) 36 is formed on the side of the second plane of the
n~SiC substrate 12. The second electrode (the drain elec-
trode) 36 is formed by Ni sputtering, for example.

In step S122, annealing at a low temperature is performed
to lower the contact resistance between the first electrode 24
and the second electrode 36. The annealing is performed in an
argon gas atmosphere at 400° C., for example.

By the above described manufacturing method, the MOS-
FET 100 shown in FIG. 1 is formed.

When the p-type second SiC epitaxial layer 16 is formed,
the supply amounts of the p-type impurity source gas and the
n-type impurity source gas are preferably reduced during the
growth. With this arrangement, a concentration distribution
can be formed so that the depth-direction concentrations of
the element D and the element A in the above combination(s)
in the second SiC epitaxial layer 16 become lower in the
direction from the first SiC epitaxial layer 14 toward the gate
insulating film 28.

In the following, the function and effects of this embodi-
ment are described in detail.

It has become apparent from the results of studies made by
the inventors that pairing between Al and N can be caused by
co-doping SiC with Al as the p-type impurity (p-type dopant)
and N as the n-type impurity (n-type dopant). In this pairing
state, carrier compensation occurs, and a zZero-carrier state is
formed.

FIGS. 9 and 10 are diagrams for explaining the function of
co-doping. FIG. 9 shows the case of n-type SiC, and FIG. 10
shows the case of p-type SiC. It has become apparent from the
first principle calculation performed by the inventors that Al
enters Si (silicon) sites and N enters C (carbon) sites in SiC so
that Al and N become adjacent to each other, and, as a result,
the system becomes stable.

Specifically, as shown in FIGS. 9 and 10, where Al and N
are linked to each other to form Al—N pair structures, the
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system becomes 2.9 eV more stable in terms of energy than a
system in which Al and N are not linked to each other but exist
independently of each other. If the Al amount and the N
amount are the same, the most stable state is achieved when
all of the two elements form pair structures.

Here, the first principle calculation is a calculation using
ultrasoft pseudopotential. Ultrasoft pseudopotential is a type
of pseudopotential, and was developed by Vanderbilt et al.
For example, a lattice constant has such a high precision as to
realize experimental values with a margin of error of 1% or
less. Structural relaxation is achieved by introducing impuri-
ties (dopant), and the entire energy of a stable state is calcu-
lated. The energy of the entire system after a change is com-
pared with the energy prior to the change, so as to determine
which structures are in a stable state. In a stable state, in which
energy positions impurity levels are located in the band gap
can be indicated.

As shown in FIG. 9, it has become apparent that, in a case
where the amount of N is larger than the amount of Al, or in
the case of n-type SiC, extra N enters C sites located in the
vicinities of Al—N pair structures, to form N—Al—N trim-
ers and further stabilize the system. According to the first
principle calculation, trimers are formed, and the system
becomes 0.3 eV more stable than a system in which pair
structures exist separately from N.

Likewise, as shown in FIG. 10, ithas become apparent that,
in a case where the amount of Al is larger than the amount of
N, or in the case of p-type SiC, extra Al enters Si sites located
in the vicinities of Al—N pair structures, to form Al—N—Al
trimers and further stabilize the system. According to the first
principle calculation, trimers are formed, and the system
becomes 0.4 eV more stable than a system in which Al—N
pair structures exist separately from Al.

Next, dopant combinations other than the combination of
Al and N are discussed. Calculation results obtained in a case
where a calculation was conducted for a combination of B
(boron) and N (nitrogen) are described below.

B enters Si sites, and N enters C sites. According to the first
principle calculation, B—N—B or N—B—N trimeric struc-
tures cannot be formed. Specifically, B—N pair structures are
formed, but the energy of the system becomes higher when B
or N approaches the B—N pair structures. Accordingly, the
system is more stable in terms of energy when extra B or N
exists in positions sufficiently away from the pair structures.

According to the first principle calculation, when extra B
forms trimers, the energy of the system is 0.5 eV higher than
that in a case where B—N pairs exist independently of B.
Also, when extra N forms trimers, the energy of the system is
0.3 eV higher than that in a case where B—N pairs exist
independently of N. Therefore, in either case, the system
becomes unstable in terms of energy when trimers are
formed.

FIG. 11 is a diagram for explaining the function of co-
doping. FIG. 11 shows the covalent radii of respective ele-
ments. Elements with smaller covalent radii are shown in the
upper right portion in the drawing, and elements with larger
covalent radii are shown in the lower left portion.

Considering the covalent radii, it is understandable that the
system becomes unstable when trimers are formed with B and
N. The covalent radius of B is smaller than the covalent radius
of Si, and the covalent radius of N is smaller than the covalent
radius of C. Therefore, when B enters Si sites and N enters C
sites, strain accumulates, and trimers cannot be formed.

It has become apparent that trimers are not formed with
combinations of the p-type impurity and the n-type impurity
as dopant other than the combinations of “an element (Al, Ga,
or In) having a larger covalent radius than Si”” and “an element
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(N) having a smaller covalent radius than C”, and the reverse
combination of “an element (B) having a larger covalent
radius than C” and “an element (P) having a smaller covalent
radius than Si”.

Since the covalent radii of B and P are between the covalent
radius of Si and the covalent radius of C, B and P can enter
both Si sites and C sites. However, the other impurities (Al,
Ga, In, N, and As) basically enter either Si sites or C sites. It
is safe to say that Al, Ga, In, and As enter Si sites, and N enters
C sites.

Furthermore, when both impurities enter Si sites or both
impurities enter C sites, there is no need to take into account
such an aspect. This is because it is difficult to relax strain
unless the p-type impurity and the n-type impurity are located
at the closest distance from each other. Therefore, where the
p-type impurity is the element A and the n-type impurity is the
element D, it is difficult to form trimers with combinations of
the element A and the element D other than the four combi-
nations of “Al and N”, “Ga and N, “In and N”, and “B and p”.

The pair structures or the trimeric structures cannot be
formed unless there is interaction between atoms. If approxi-
mately 10 unit cells exist in the c-axis direction, the interac-
tion is invisible, and the impurity levels (dopant levels) in a
4H—SiC structure according to the first principle calculation
are in a flat state. That is, diffusion is sufficiently restrained,
and is on the order of approximately 10 meV.

In other words, it is considered that there is little interaction
when the distance between impurities is 10 nm or longer. In
view of this, to maintain interaction between impurities, the
impurity concentrations are preferably 1x10'® cm™ or
higher.

This value is the lower limit of impurity concentrations that
is desired when a local impurity distribution is formed
through ion implantation in a case where a SiC material has
already been formed.

To cause an effect of co-doping to appear in semiconductor
SiC, the ratio between the n-type impurity concentration and
the p-type impurity concentration needs to be restricted
within a specific range. By the later described manufacturing
method, it is critical that the ratio between the n-type and
p-type impurities to be introduced by ion implantation be set
ataratio within the specific range from the start. Although the
reach of interaction is as short as less than 10 nm, trimers can
be formed by virtue of the attraction force of each other within
the range. Furthermore, as the attraction force is applied, the
temperature of the activating anneal for the impurities can be
lowered from 1700-1900° C., which is the temperature range
in a case where co-doping is not performed, to 1500-1800° C.

However, the impurity concentration desirable for trimer
formation can be lowered in crystal growth from a vapor
phase by CVD (Chemical Vapor Deposition) or the like. This
is because raw material can be made to flow in the surface, and
accordingly, interaction between the impurities can easily
occur at low concentrations.

In vapor phase growth, the region of impurity concentra-
tions for trimer formation is 1x10"° ecm™ to 1x10%? cm™,
which is wider than that with ion implantation. In vapor phase
growth, it is possible to lower the impurity concentration in
SiC to approximately 1x10'® ecm™ or increase the impurity
concentration in SiC to approximately 1x10*' cm~>, for
example. Particularly, it is difficult to form a low-concentra-
tion region through ion implantation. Therefore, impurity
region formation through vapor phase growth is particularly
effective in a low-concentration region. Furthermore, it is
possible to form a co-doped film as thin as 5 nm, for example,
through vapor phase growth.
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Vapor phase growth also has the advantage that defects in
crystals are not easily formed in regions containing impurities
athigh concentrations. In the case of'ion implantation, defects
in crystals increase as the amount of introduced impurities
becomes larger, and recovery through a heat treatment or the
like also becomes difficult. By vapor phase growth, trimers
are formed during the growth, and defects due to impurity
implantation are hardly formed. In view of this, impurity
region formation through vapor phase growth is effective in
regions having impurity concentrations of 1x10'° cm™ or
higher, or more preferably, 1x10*° c¢cm™ or higher, for
example.

As described above, vapor phase growth has effects that
cannot be achieved by ion implantation. However, impurity
regions that are locally co-doped can be formed through ion
implantation. Also, co-doped impurity regions can be formed
at low costs. Therefore, either vapor phase growth or ion
implantation should be used where appropriate.

When trimers are to be formed at the time of crystal growth
from a vapor phase, the concentrations of the p-type and
n-type impurities are preferably 1x10*® ecm™ or higher. Fur-
ther, so as to facilitate the trimer formation, the impurity
concentrations are preferably 1x10'® cm™ or higher.

When trimers are formed, the upper limit of impurity con-
centrations may exceed the solid solubility limit of cases
where trimers are not formed. This is because, when trimers
are formed, strain in crystals is relaxed, and the impurities are
easily solved.

The impurity solid solubility limit in a case where trimers
are not formed is on the order of 10'° cm™ in the case of N,
and is on the order of 10*! cm™ even in the case of Al. As for
the other impurities, the solid solubility limit is on the order of
approximately 10*! cm™.

When only one type of impurity is used, the size of the
impurity is either small or large. Therefore, strain accumu-
lates, and the impurity cannot easily enter lattice points. As a
result, activation cannot be caused. Particularly, in the case of
ion implantation, a large number of defects are formed, and
the solid solubility limit becomes even lower.

However, when trimers are formed, both Al and N can be
implanted up to the order of approximately 10** cm™>. As
strain can be relaxed by forming trimers with one of the four
combinations of “Al and N”, “Ga and N”, “In and N, and “B
and P”, the solid solubility limit can be extended. As a result,
the impurity solid solubility limit can be extended to the order
of 10** cm™>.

In a case where the impurity is B, Al, Ga, In, or P, strain is
large, and a large number of defects exist, if the impurity
concentration is 1x10°° cm™ or higher, or more particularly,
6x10%° cm™ or higher. As a result, sheet resistance or resis-
tivity becomes very high.

However, co-doping with the p-type impurity and the
n-type impurity can restrain defects even in regions having
such high impurity concentrations.

When an impurity is N, the solid solubility limit is further
lowered by one digit to approximately 2x10' em™. Accord-
ing to the first principle calculation, this is probably because
defects of inactive interstitial N are formed.

As trimers are formed, the upper limit of the N concentra-
tion is dramatically increased from the order of 10*° cm™ to
the order of 10?2 cm™>. In a case where an n-type region doped
at a high concentration is to be formed, nitrogen cannot be
normally used, and P ions are implanted at approximately
10%° cm™>, for example. In this embodiment, however, an
n-type region doped at a high concentration can be formed by
using nitrogen. For example, N is implanted at 2x10*° cm™,



US 9,111,844 B2

11

and Al is implanted at 1x10%° cm™. It is normally difficult to
use nitrogen, but nitrogen can be used in this embodiment.

As described above, both the p-type impurity and the
n-type impurity are implanted, and an appropriate combina-
tion of covalent radii is selected, so that trimers can be
formed. The structures are then stabilized, and strain can be
reduced.

As a result, (1) the respective impurities can easily enter
lattice points, (2) the process temperature can be lowered, and
atemperature decrease of at least 100° C. can be expected, (3)
the amount of impurities that can be activated increases (the
upper limit is extended), (4) stable structures such as trimers
or pair structures can be formed, and entropy is increased and
crystal defects are reduced with the structures, and (5) as the
trimers are stable, revolutions around the bonds that bind the
p-type impurity and the n-type impurity become difficult, and
the structures are immobilized. Accordingly, energization
breakdown tolerance becomes dramatically higher. For
example, when trimeric structures are formed in at least a part
of the p-type impurity region and the n-type impurity region
of'a pn junction, energization breakdown is restrained, and an
increase in resistance can be avoided. As a result, a degrada-
tion phenomenon (Vf degradation) in which the voltage (V1)
required to be applied so as to apply a certain amount of
current becomes higher can be restrained.

As described above, pairing between Al and N can be
caused by co-doping with Al as the p-type impurity and N as
the n-type impurity. Furthermore, it has become apparent
from the first principle calculation that both acceptor levels
and donor levels can be made shallower at this point.

FIGS. 12 and 13 are diagrams for explaining the function
of co-doping. FIG. 12 shows the case of n-type SiC, and FIG.
13 shows the case of p-type SiC. White circles represent
empty levels not filled with electrons, and black circles rep-
resent levels filled with electrons.

The reason that the donor levels become shallower is that
the empty levels located within the conduction band of Al as
the acceptor interact with the donor levels of N, and the donor
levels are raised, as shown in FIG. 12. Likewise, the reason
that the acceptor levels become shallower is that the levels
that are filled with electrons and are located within the
valence band of N as the donor interact with the acceptor
levels of Al and the acceptor levels are lowered, as shown in
FIG. 13.

Normally, N or P (phosphorus) as the n-type impurity
forms donor levels that are as deep as 42 meV to 95 meV. B,
Al, Ga, or In as the p-type impurity forms very deep acceptor
levels of 160 meV to 300 meV. If trimers are formed, on the
other hand, the n-type impurity can form donor levels of 35
meV or lower, and the p-type impurity can form acceptor
levels of 100 meV or lower.

In an optimum state where trimers are completely formed,
n-type N or P forms levels of approximately 20 meV, and
p-type B, Al, Ga, or Informs levels of approximately 40 meV.
As such shallow levels are formed, most of the activated
impurities turn into carriers (free electrons and free holes).
Accordingly, the bulk resistance becomes one or more digits
lower than that in a case where co-doping is not performed.

In the case of n-type SiC, the donor levels that contribute to
carrier generation becomes 40 meV or lower, and as a result,
the resistance becomes lower than that in a case where co-
doping is not performed. Also, as the donor levels become 35
meV or lower, the resistance is lowered by approximately one
digit. As the donor levels become 20 meV or lower, the
resistance is lowered by approximately two digits. However,
a strain relaxation effect and a doping upper limit extension
effect are also achieved.
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Inthe case of p-type SIC, the acceptor levels that contribute
to carrier generation becomes 150 meV or lower, and as a
result, the resistance becomes lower than that in a case where
co-doping is not performed. Also, as the acceptor levels
become 100 meV or lower, the resistance is lowered by
approximately one digit. As the acceptor levels become 40
meV or lower, the resistance is lowered by approximately two
digits. However, a strain relaxation effect and a doping upper
limit extension effect are also achieved.

When the Al concentration and the N concentration are the
same (N:Al=1:1), an insulator is formed, because there are no
carriers though there are shallow levels. There exist carriers
that are equivalent to a difference between the Al concentra-
tion and the N concentration. To form a low-resistance semi-
conductor, a concentration difference is required.

When the N concentration is higher than the Al concentra-
tion (N concentration>Al concentration), extra N generated
as a result of formation of Al—N pairs through interaction is
also stabilized by displacing C located in the vicinities of the
Al—N pairs. Accordingly, shallow donor levels are formed.
Also, strain is relaxed. Accordingly, the N concentration can
be made higher than that in a case where trimers are not
formed.

FIG. 14 is a diagram showing the relationship between Al
and N concentrations and sheet resistance in the case of
n-type SiC. The N concentration is 2x10%° cm™>. When only
N is implanted, the sheet resistance cannot be lowered even if
Nis implanted at 1x10'° cm™ or higher. The value is approxi-
mately 300 Q/[].

While “N concentration:Al concentration” is changing
from 1:1 to 2:1, trimers are formed without strain, and the
number of carrier electrons in the shallow donor levels
increases. Accordingly, the sheet resistance rapidly
decreases.

When the ratio reaches 2:1, the maximum amount of car-
riers is available, and the sheet resistance becomes lowest. As
shown in FIG. 14, the sheet resistance can be lowered down to
approximately 1.5€/[]. The contact resistance to n-type SiC
can also be lowered from approximately 107> Qcm™ to
approximately 1077 Qcm™> by making “N concentration: Al
concentration” equal to 2:1 and increasing the difference
between the N concentration and the Al concentration from
10°°em™ to 10°* cm ™.

Furthermore, if the ratio of the N concentration becomes
higher than 2:1, the original deep donor levels are formed by
the extra N that exceeds “N concentration:Al concentra-
tion=2:1"". The donor levels receive carrier electrons, and the
shallow donor levels formed with trimers become empty. The
excess N left out from “N concentration: Al concentration=2:
17 is similar to N introduced independently. Therefore, strain
relaxation is difficult. As a result, the sheet resistance rapidly
increases as shown in FIG. 14.

In FIG. 14, the target for comparison is the sheet resistance
(approximately 300€/[J1in this case) in a case where N (nitro-
gen) as the n-type impurity is implanted almost up to the solid
solubility limit when co-doping with Al is not performed, and
changes in the sheet resistance value seen when “N concen-
tration:Al concentration” is changed from 2:1 are shown.

The following description centers around “Al concentra-
tion/N concentration=0.5", at which trimer structures are
formed. In a case where “Al concentration/N concentration”
is not lower than 0.47 and not higher than 0.60 (100% of the
carriers of 8x10'° cm™ or higher being free carriers), or
where the p-type impurity is implanted at 47% to 60% with
respect to the n-type impurity, the sheet resistance is two
digits lower than the sheet resistance obtained in a case co-
doping with Al is not performed. Such a concentration ratio is
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highly advantageous. When the ratio is lower than 0.5, shal-
low levels decrease, and strain is caused. As a result, the
number of free carriers decreases, and carriers equivalent to
8x10' cm™ are obtained when the ratio is approximately
0.47.

In a case where the range is widened in both directions, and
“Al concentration/N concentration” is not lower than 0.45
and not higher than 0.75 (100% of the carriers of 5x10*° cm™>
orhigher being free carriers), or where Al is implanted at 45%
to 75% with respect to N, the sheet resistance ranges from a
two-digit-lower resistance to a resistance almost three times
higher than the two-digit-lower resistance. When the ratio is
lower than 0.5, shallow levels decrease, and strain is caused.
As aresult, the number of free carriers decreases, and carriers
equivalent to 5x10'® cm™ are obtained when the ratio is
approximately 0.45. In a case where the range is further
widened in both directions and “Al concentration/N concen-
tration” is higher than 0.40 but lower than 0.95 (100% of the
carriers of 1x10'° cm™ or higher being free carriers), or
where Al is implanted at 40% to 95% with respect to N, the
sheet resistance becomes one digit lower. When the ratio is
lower than 0.5, shallow levels decrease, and strain is caused.
As aresult, the number of free carriers decreases, and carriers
equivalent to 1x10'® ¢cm™ are obtained when the ratio is
approximately 0.40.

Better characteristics are achieved on the side where Al is
implanted at 50% or more with respect to N, because strain is
sufficiently relaxed. The 50% state is the state where two N
atoms and one Al atom are clustered to form a trimer. When
the ratio is lower than 50%, trimers are formed, and extra N
exists. Since there is N that cannot form trimers, an equivalent
amount of strain accumulates. N that cannot form trimers is
the same as that introduced independently, and reaches the
limit of strain in no time. When the amount of Al is lower than
50%, strain rapidly occurs, and lattice defects increase.
Therefore, the sheet resistance rapidly deteriorates when the
ratio is lower than 50%, compared with that in a case where
the ratio is 50% or higher at which strain can be relaxed.

When “Al concentration/N concentration” is 0.995, the
number of carriers is almost the same as that in a case where
co-doping is not performed. Since 100% of the carriers of
1x10'® cm~ or higher, which is 0.5% of2x10%° cm =3, are free
carriers, the sheet resistance to be obtained with conventional
nitrogen doping can be realized. Accordingly, the sheet resis-
tance is almost the same as that in a case where co-doping is
not performed. In a case where “Al concentration/N concen-
tration” is 0.33 or where “N concentration: Al concentration”
is 3:1, all carrier electrons are received not by shallow donor
levels formed with trimers but by deep donor levels formed
with extra N. Accordingly, the sheet resistance is almost the
same as that in a case where co-doping is not performed.
Therefore, the resistance is lowered by co-doping in cases
where “Al concentration/N concentration” is higher than 0.33
but lower than 0.995, or where Al is implanted at 33% to
99.5% with respect to N. With the margin of error being taken
into account, it can be considered that the ratio of Al to N
should be higher than 33% but lower than 100%.

When the Al concentration is higher than the N concentra-
tion (Al concentration>N concentration), extra Al generated
as a result of formation of Al—N pairs through interaction is
also stabilized by displacing Si located in the vicinities of the
Al—N pairs. Accordingly, shallow acceptor levels are
formed. Also, strain is relaxed. Accordingly, the Al concen-
tration can be made higher than that in a case where trimers
are not formed. This case can be considered to be the same as
the case where the N concentration is higher than the Al
concentration.
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FIG. 15 is a diagram showing the relationship between N
and Al concentrations and sheet resistance in the case of
p-type SiC. The Al concentration is 2x10°° cm™.

While “Al concentration:N concentration” is changing
from 1:1 to 2:1, trimers are formed without strain, and the
number of carrier holes in the shallow acceptor levels
increases. Accordingly, the sheet resistance decreases.

When the ratio reaches 2:1, the maximum amount of car-
riers is available, and the sheet resistance becomes lowest. As
shown in FIG. 15, the sheet resistance can be lowered down to
approximately 40€2/(]. The contact resistance to p-type SiC
can also be lowered from approximately 107> Qcm™ to
approximately 1077 Qecm™ by making “Al concentration:N
concentration” equal to 2:1 and increasing the difference
between the Al concentration and the N concentration from
10*°cm™ to 10*2 cm™>.

Furthermore, if the ratio of the Al concentration becomes
higher than 2:1, the original deep acceptor levels are formed
by the extra Al that exceeds “Al concentration:N concentra-
tion=2:1"". The acceptor levels receive carrier holes, and the
shallow acceptor levels formed with trimers are filled with
electrons. The excess Al left out from “Al concentration:N
concentration=2:1" in is similar to Al introduced indepen-
dently. Therefore, strain relaxation is difficult. As a result, the
sheet resistance rapidly increases as shown in FIG. 15.

In FIG. 15, the target for comparison is the sheet resistance
(approximately 10 K€/ in this case) in a case where Al
(aluminum) as the p-type impurity is implanted almost up to
the solid solubility limit when co-doping with N is not per-
formed, and changes in the sheet resistance value seen when
“Al concentration:N concentration” is changed from 2:1 are
shown.

The following description centers around “N concentra-
tion/Al concentration=0.5", at which trimer structures are
formed. In a case where “N concentration/Al concentration”
is not lower than 0.47 and not higher than 0.60 (100% of the
carriers of 8x10'® ecm™ or higher being free carriers), or
where the n-type impurity is implanted at 47% to 60% with
respect to the p-type impurity, the sheet resistance is two
digits lower than the sheet resistance obtained in a case co-
doping with N is not performed. Such a concentration ratio is
highly advantageous. When the ratio is lower than 0.5, shal-
low levels decrease, and strain is caused. As a result, the
number of free carriers decreases, and carriers equivalent to
8x10* cm™> are obtained when the ratio is approximately
0.47.

In a case where the range is widened in both directions, and
“N concentration/Al concentration” is not lower than 0.45
and not higher than 0.75 (100% of the carriers of 5x10'° cm™>
or higher being free carriers), or where N is implanted at 45%
to 75% with respect to Al, the sheet resistance ranges from a
two-digit-lower resistance to a resistance almost three times
higher than the two-digit-lower resistance. When the ratio is
lower than 0.5, shallow levels decrease, and strain is caused.
As aresult, the number of free carriers decreases, and carriers
equivalent to 5x10*° ¢m™ are obtained when the ratio is
approximately 0.45. In a case where the range is further
widened, “N concentration/Al concentration” is higher than
0.40 but lower than 0.95 (100% of the carriers of 1x10' cm™>
or higher being free carriers), or where N is implanted at 40%
to 95% with respect to Al, the sheet resistance becomes one
digit lower. When the ratio is lower than 0.5, shallow levels
decrease, and strain is caused. As a result, the number of free
carriers decreases, and carriers equivalent to 1x10'® cm™ are
obtained when the ratio is approximately 0.40.

Better characteristics are achieved in cases where N is
implanted at 50% or more with respect to Al, because strain is
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sufficiently relaxed. When N is less than 50%, on the other
hand, trimers formed with one N atom and two Al atoms that
are clustered account for 50% of the entire structure, and
further, Al exists therein. Since there is Al that cannot form
trimers, an equivalent amount of strain accumulates. When
the amount of N is lower than 50%, strain rapidly occurs, and
lattice defects increase. Therefore, the sheet resistance rap-
idly deteriorates when the ratio is lower than 50%, compared
with that in a case where the ratio is 50% or higher at which
strain can be relaxed.

Atthis point, “N concentration/Al concentration™ is 0.995,
and the number of carriers is almost the same as thatin a case
where co-doping is not performed. Since 100% of the carriers
of 1x10'® cm™ or higher, which is 0.5% of 2x10%° cm™>, are
free carriers, the sheet resistance to be achieved with conven-
tional Al doping can be realized. Accordingly, the sheet resis-
tance is almost the same as that in a case where co-doping is
not performed. Ina case where “N concentration/Al concen-
tration” is 0.33 or where “Al concentration:N concentration”
is 3:1, all carrier holes are received not by shallow acceptor
levels formed with trimers but by deep acceptor levels formed
with extra Al. Accordingly, the sheet resistance is almost the
same as that in a case where co-doping is not performed.
Therefore, a resistance lowering effect is achieved by co-
doping in cases where “N concentration/Al concentration” is
higher than 0.33 but lower than 0.995, or where N is
implanted at 33% to 99.5% with respect to Al. With the
margin of error being taken into account, it can be considered
that the ratio of Al to N should be higher than 33% but lower
than 100%.

When co-doping is not performed, a low-resistance SiC
semiconductor material containing impurities having low
concentrations of 1x10"® cm™ or lower cannot exist. How-
ever, when trimers are formed by co-doping, shallow levels
are formed, and the number of carriers increases. Accord-
ingly, a reduction in resistance can be achieved with small
amounts of impurities.

Co-doping with the p-type impurity and the n-type impu-
rity at an appropriate ratio as described above can achieve at
least two notable effects.

First, strain is relaxed, and SiC with less strain can be
formed. Compared with a case where co-doping is not per-
formed, strain is smaller, the number of defects is smaller, and
larger amounts of impurities can be implanted. That is, the
solid solubility limits of impurities can be raised. Accord-
ingly, the sheet resistance, the resistivity, and the contact
resistance are lowered. As fewer defects are formed by either
ion implantation or epitaxial growth, dosing of large amounts
of impurities can be performed.

Secondly, shallow levels can be formed. Compared with a
case where co-doping is not performed, a low-resistance
material can be formed with smaller amounts of impurities.
Alternatively, a sheet resistance that is one or more digits
lower can be achieved with the same amounts of impurities as
those in a case where co-doping is not performed. When
considering a low-dose region that can be formed through
epitaxial growth, the resistance becomes higher unless co-
doping is performed. However, low-resistance SiC can be
formed when co-doping is performed. Accordingly, a SiC
semiconductor device having a lower on-state resistance can
be manufactured.

FIGS. 16A through 16D are graphs showing depth-direc-
tion impurity profiles of the semiconductor device of this
embodiment. FIG. 16 A shows the profile of the p-well region
(the channel region) 16 indicated by A-A in FIG. 1. FIG. 16B
shows the profile of the p-well contact region 20 indicated by
B—B in FIG. 1. FIG. 16C shows the profile of the JFET

10

15

20

25

30

35

40

45

50

55

60

65

16
region 17 indicated by C—C in FIG. 1. FIG. 16D shows the
profile of the source region 18 indicated by D-D in FIG. 1.

Inthe MOSFET 100 of this embodiment, the p-type second
SiC epitaxial layer (the p-well region) 16 is co-doped with Al
and N. The ratio of the N concentration to the Al concentra-
tion is higher than 0.33 but lower than 1.0.

First, in this embodiment, the impurity concentrations in
the p-well region 16 to be the channel region can be adjusted
by impurity doping at the time of epitaxial growth. Accord-
ingly, there is no need to implant ions into the channel region
s0 as to adjust the threshold value of the MOSFET 100. As a
result, defects due to ion implantation are not occurred.
Accordingly, electron scattering due to ion implantation
defects does not occur. Thus, the electron mobility in the
channel region becomes higher, and a sophisticated MOS-
FET is realized.

Also, as doping of the p-type impurity and the n-type
impurity is performed at an appropriate ratio, trimer forma-
tion is facilitated. Accordingly, strain and defects in the chan-
nel region are reduced. Thus, the electron mobility in the
channel region becomes higher, and the sophisticated MOS-
FET 100 is realized.

Also, the solid solubility limit of the p-type impurity
becomes higher by virtue of the co-doping. Accordingly, the
p-type impurity concentration in the channel region required
to achieve a predetermined threshold value can be lower than
that in a case where co-doping is not performed. Accordingly,
electron scattering due to an impurity can be prevented. Thus,
the electron mobility in the channel region becomes higher,
and the sophisticated MOSFET 100 is realized.

So as to facilitate trimer formation and set an appropriate
threshold value in the MOSFET 100, the concentration of the
p-type impurity is preferably not lower than 1x10'¢ cm™ and
not higher than 5x10*7 cm™.

In this embodiment, the ratio of the concentration of the
element D to the concentration of the element A is preferably
higher than 0.40 but lower than 0.95. This is because a high
solid solubility limit of the p-type impurity can be secured.
Also, the acceptor levels ofthe element A are preferably equal
to or lower than 150 meV. This is because the resistance of the
channel region will become even lower, and the on-state
current in the MOSFET 100 will increase. Further, 90% or
more of the element D is preferably in the lattice site located
at the nearest to the element A. This is because most of the
p-type impurity and the n-type impurity (90% or more of the
impurities that can form trimers) will form trimers and have a
high solid solubility limit and a low resistance.

As shown in FIG. 16 A, the depth-direction concentrations
of' Al (aluminum) and N (nitrogen) that form the combination
in the second SiC epitaxial layer 16 preferably become lower
in the direction from the first SiC epitaxial layer 14 toward the
gate insulating film 28. With this distribution, the p-type
impurity concentration is lowered on the side of the gate
insulating film 28 while the p-type impurity concentration is
maintained at a high concentration on the side of the first SiC
epitaxial layer 14 so as to maintain the breakdown voltage of
the device. In this manner, an appropriate threshold value can
be easily realized.

The ratio of the N concentration to the Al concentration on
the side of the gate insulating film 28 is also preferably higher
than 0.33 but lower than 1.0. In the entire region in the second
SiC epitaxial layer 16, the ratio of the N concentration to the
Al concentration is preferably higher than 0.33 but lower than
1.0.

As shown in FIG. 16B, in the p-well contact region 20, the
p-type impurity (Al) of the p-type second SiC epitaxial layer
(the p-well region) 16 exists in the background in the first
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place. Accordingly, the dose amount of the p-type impurity
for the ion implantation for forming the p-well contact region
20 can be reduced. Thus, the ion implantation time can be
shortened, and lattice damage due to ion implantation can be
reduced.

Also, the crystal defects due to the thermal stress generated
at the time of the annealing for activating the p-type impurity
and at the time of the cooling after that, particularly the
dislocation on the base surface, can prevent the forward char-
acteristics of the body diode of the MOSFET 100 from dete-
riorating. Thus, a highly-reliable MOSFET is realized.

As shown in FIG. 16C, in the JFET region 17, the n-type
impurity (N) of the p-type second SiC epitaxial layer (the
p-well region) 16 exists in the background in the first place.
Accordingly, the dose amount of the n-type impurity for the
ion implantation for forming the JFET region 17 can be
reduced. Thus, the ion implantation time can be shortened,
and lattice damage due to ion implantation can be reduced.

In this embodiment, as shown in FIG. 16B, the impurity
concentration of the p-type impurity (Al) in the p-type second
SiC epitaxial layer (the p-well region) 16 preferably becomes
higher in the depth direction from the surface. This is because,
with this structure, the p-type impurity concentration in the
body diode of the MOSFET 100 will become higher, and the
breakdown voltage of the body diode will improve.

In a case where the p-type impurity (the second p-type
impurity) is an element Awhile the n-type impurity (the sec-
ond n-type impurity) is an element D in the JFET region 17
shown in FIG. 16C, the element A and the element D prefer-
ably form a combination of Al (aluminum), Ga (gallium), or
In (indium) and N (nitrogen), and/or a combination of B
(boron) and P (phosphorus). The ratio of the concentration of
the element A to the concentration of the element D in the
combination(s) is preferably higher than 0.40 but lower than
0.95. This is because the trimer formation in the JFET region
17 will be facilitated, and a low-resistance n-layer with fewer
defects will be realized. In this case, the concentration of the
element D forming part of the above combination(s) is pref-
erably not lower than 1x10'® cm™>.

(Second Embodiment)

A semiconductor device of this embodiment is an IGBT
(Insulated Gate Bipolar Transistor). The structure of the semi-
conductor device is the same as that of the first embodiment,
except that a p*-type collector region is formed on the side of
the bottom plane of the n-type first SiC epitaxial layer, and a
second electrode (a collector electrode) is formed in contact
with the p*-type collector region. In the description below, the
same explanations as those about the function and effects of
co-doping and the like in the first embodiment will not be
repeated.

FIG. 17 is a schematic cross-sectional view of the structure
of an IGBT that is the semiconductor device of this embodi-
ment. The IGBT 200 is a vertical IGBT.

This IGBT 200 includes a SiC substrate (a silicon carbide
substrate) 12 having first and second planes. In FIG. 17, the
first plane is the upper plane, and the second plane is the lower
plane. This SiC substrate 12 is a 4H—SiC substrate (an n-sub-
strate) containing N (nitrogen) as an n-type impurity at an
impurity concentration that is not lower than 1x10"® cm™ and
not higher than 1x10'° cm=3, for example.

An n-type first SiC epitaxial layer (an n™-SiC layer) 14
containing the n-type impurity at an impurity concentration
that is not lower than 5x10'® cm™ and not higher than 2x10*¢
cm™>, for example, is formed on the first plane of the SiC
substrate 12. The thickness of the n™-SiC layer 14 is not
smaller than 5 um and not greater than 10 um, for example.
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A p-type second SiC epitaxial layer (a first emitter region)
66 containing a p-type impurity at an impurity concentration
that is not lower than 1x10* cm~> and not higher than 5x10*”
cm™>, for example, is formed on the n~-SiC layer 14. The
depth of the first emitter region 66 is not smaller than 0.3 um
and not greater than 1.0 um, for example.

The p-type second SiC epitaxial layer (the first emitter
region) 66 is co-doped with a p-type impurity (a first p-type
impurity) and an n-type impurity (a first n-type impurity).
Where the p-type impurity is an element A and the n-type
impurity is an element D, the element A and the element D
form a combination of Al (aluminum), Ga (gallium), or In
(indium) and N (nitrogen) (a first combination), and/or a
combination of B (boron) and P (phosphorus) (a second com-
bination). The ratio of the concentration of the element D to
the concentration of the element A in the above
combination(s) is higher than 0.33 but lower than 1.0. The
concentration of the element A forming part of the above
combination(s) is preferably not lower than 1x10"® cm™ and
not higher than 5x10*” cm™, so as to set an appropriate
threshold value in the IGBT 200.

An n™-type first SiC region (a JFET region) 17 containing
an n-type impurity at an impurity concentration of 5x10** to
1x10% ¢cm™>, for example, is formed in part of the surface of
the p-type second SiC epitaxial layer (the first emitter region)
66. The depth of the JFET region 17 is equal to or greater than
the thickness of the first emitter region 66. The JFET region
17 is connected to the n™-SiC layer 14. The JFET region 17
functions as a transfer path for electrons serving as carriers.

An n”*-type second SiC region (a second emitter region) 58
containing an n-type impurity at an impurity concentration of
1x10*® to 1x10%* cm™>, for example, is formed in part of the
surface of the p-type second SiC epitaxial layer (the first
emitter region) 66. The depth of the second emitter region 58
is smaller than the thickness of the second SiC epitaxial layer
(the first emitter region) 66, and is approximately 0.3 pm, for
example. The second emitter region 58 is provided at a dis-
tance from the JFET region 17, with the first emitter region 66
being interposed in between.

A p*-type third SiC region (an emitter contact region) 60
containing a p-type impurity at an impurity concentration of
1x10*® to 1x10%* cm™>, for example, is formed in part of the
surface of the second SiC epitaxial layer (the first emitter
region) 66 and on a side of the n*-type second SiC region (the
second emitter region) 58. The depth of the emitter contact
region 60 is smaller than the thickness of the second SiC
epitaxial layer (the first emitter region) 66, and is approxi-
mately 0.3 um, for example.

A p*-type fourth SiC region (a collector region, a p-type
SiC layer) 52 containing a p-type impurity at an impurity
concentration of 1x10'® to 1x10** cm™>, for example, is
formed on the side of the bottom plane of the n-type SiC layer
14. In this embodiment, the bottom plane of the SiC substrate
12 is the p*-type fourth SiC region 52.

A gate insulating film 28 is continuously formed in the
surfaces of the JFET region 17 and the second SiC epitaxial
layer (the first emitter region) 66, so as to extend across the
region and the layer. The gate insulating film 28 may be an
Si0, film or a high-k insulating film, for example.

A gate electrode 30 is formed on the gate insulating film 28.
The gate insulating film 28 may be an SiO, film, for example.
The gate electrode 30 may be made of polysilicon, for
example. An interlayer insulating film 32 formed with an
Si0, film, for example, is formed on the gate electrode 30.
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The second SiC epitaxial layer 66 that is located below the
gate electrode and is interposed between the second SiC
region (the second emitter region) 58 and the JFET region 17
serves as the channel region.

A conductive first electrode (an emitter electrode) 54 that is
electrically connected to the second SiC region (the second
emitter region) 58 and the third SiC region (the emitter con-
tact region) 60 is provided. The first electrode (the emitter
electrode) 54 is formed with a Ni (nickel) barrier metal layer
54a and an Al metal layer 545 formed on the barrier metal
layer 54a, for example. The Ni barrier metal layer 544 and the
Al metal layer 545 may form an alloy through a reaction.

A conductive second electrode (a collector electrode) 56 is
formed on the side of the second plane of the SiC substrate 12
and on the bottom plane of the fourth SiC region 52. The
second electrode (the collector electrode) 56 is made of Ni,
for example.

In this embodiment, the n-type impurity is preferably N
(nitrogen) or P (phosphorus), for example, but it is possible to
use As (arsenic) or the like. Also, the p-type impurity is
preferably Al (aluminum), for example, but it is possible to
use B (boron), Ga (gallium), In (indium), or the like.

The semiconductor device of this embodiment can be
manufactured by a method that is the same as the manufac-
turing method according to the first embodiment, except that
ions of Al as the p-type impurity are implanted into the bottom
plane (the second plane) of the SiC substrate 12, to form the
fourth SiC region (the collector region) 52 prior to the forma-
tion of the second electrode, for example.

So as to make the n-type region thinner, the step of grinding
the bottom plane of the SiC substrate 12 may be additionally
carried out prior to the formation of the p-type collector
region 52, for example.

Inthe IGBT 200 of this embodiment, the p-type second SiC
epitaxial layer (the first emitter region) 66 is co-doped with Al
and N. The ratio of the N concentration to the Al concentra-
tion is higher than 0.33 but lower than 1.0. Accordingly, the
sophisticated, highly-reliable IGBT 200 is realized by virtue
of the same effects as those of the first embodiment.

Although silicon carbide crystalline structures are
4H—SiC in the above described embodiments, the embodi-
ments can also be applied to silicon carbides having other
crystalline structures such as 6H—SiC and 3C—SiC.

Also, in the above described embodiments, the combina-
tion of a p-type impurity and an n-type impurity is a combi-
nation of Al (aluminum) and N (nitrogen). However, the
combination is not limited to that, and the same effects as
above can be achieved, as long as the combination is a com-
bination of Al (aluminum), Ga (gallium), or In (indium) and
N (nitrogen), and/or a combination of B (boron) and P (phos-
phorus).

In each ofthe first and second embodiments, the n-type SiC
substrate used in the manufacture is left in the final structure
of' the MOSFET or the IGBT. However, the n-type SiC sub-
strate may be completely removed by polishing or the like, so
as to reduce the thickness of the device, for example.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the semiconductor device and the method of manu-
facturing the same described herein may be embodied in a
variety of other forms; furthermore, various omissions, sub-
stitutions and changes in the form of the devices and methods
described herein may be made without departing from the
spirit of the inventions. The accompanying claims and their
equivalents are intended to cover such forms or modifications
as would fall within the scope and spirit of the inventions.
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What is claimed is:

1. A semiconductor device comprising:

an n-type first SiC epitaxial layer;

a p-type second SiC epitaxial layer provided on the n-type
first SiC epitaxial layer, the p-type second SiC epitaxial
layer containing a p-type impurity and an n-type impu-
rity, the p-type impurity being an element A, the n-type
impurity being an element D, the element A and the
element D forming at least one of a first combination or
a second combination, the first combination being a
combination of the element A selected from a group
consisting of Al (aluminum), Ga (gallium), and In (in-
dium) and the element D being N (nitrogen), the second
combination being a combination of the element A being
B (boron) and the element D being P (phosphorus), a
ratio of a concentration of the element D to a concentra-
tion of the element A in the at least one of the combina-
tions being higher than 0.33 but lower than 1.0;

an n-type first SiC region provided at a surface of the p-type
second SiC epitaxial layer, the n-type first SiC region
having a depth equal to or greater than a thickness of the
p-type second SiC epitaxial layer;

an n-type second SiC region provided at the surface of the
p-type second SiC epitaxial layer, the n-type second SiC
region being separated from the n-type first SiC region,
the n-type second SiC region having a depth smaller than
the thickness of the p-type second SiC epitaxial layer;

a gate insulating film provided on the surface of the p-type
second SiC epitaxial layer;

a gate electrode provided on the gate insulating film;

a first electrode provided on the n-type second SiC region;
and

a second electrode provided on the opposite side of the
n-type first SiC epitaxial layer from the first electrode.

2. The device according to claim 1, wherein depth-direc-
tion concentrations of the element D and the element A form-
ing at least one of the combinations in the p-type second SiC
epitaxial layer become lower in a direction from the n-type
first SiC epitaxial layer toward the gate insulating film.

3. The device according to claim 1, wherein the concentra-
tion of the element A forming at least one of the combinations
in the p-type second SiC epitaxial layer is not lower than
1x10*® cm™ and not higher than 5x10*” cm™.

4. The device according to claim 1, wherein the ratio of the
concentration of the element D to the concentration of the
element A in the at least one of the combinations is higher
than 0.40 but lower than 0.95.

5. The device according to claim 1, wherein an acceptor
level of the element A forming at least one of the combina-
tions is 150 meV or lower.

6. The device according to claim 1, wherein 90% or more
of'the element D forming at least one of the combinations is
in a lattice site located at the nearest to the element A forming
at least one of the combinations.

7. The device according to claim 1, further comprising

an n-type SiC layer provided on the opposite side of the
n-type first SiC epitaxial layer from the p-type second
SiC epitaxial layer,

wherein the second electrode is in contact with the n-type
SiC layer.

8. The device according to claim 1, further comprising

a p-type SiC layer provided on the opposite side of the
n-type first SiC epitaxial layer from the p-type second
SiC epitaxial layer,

wherein the second electrode is in contact with the p-type
SiC layer.
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9. A method of manufacturing the semiconductor device,
of claim 1, comprising:

forming the n-type first SiC epitaxial layer by an epitaxial
growth technique;

forming the p-type second SiC epitaxial layer on the n-type
first SiC epitaxial layer by an epitaxial growth tech-
nique, amount of supplies of a source gas of a p-type
impurity and a source gas of an n-type impurity being
controlled, a ratio of a concentration of the element D to
a concentration of the element A in the at least one of the
combinations being higher than 0.33 but lower than 1.0
in the a p-type second SiC epitaxial layer;

forming the n-type first SiC region at a surface of the p-type
second SiC epitaxial layer by n-type impurity ion
implantation;

forming the n-type second SiC region separated from the
n-type first SiC region at the surface of the p-type second
SiC epitaxial layer by n-type impurity ion implantation;

22

forming the gate insulating film on the surface of the p-type
second SiC epitaxial layer;

forming the gate electrode on the gate insulating film;

forming the first electrode on the n-type second SiC region;
and

forming the second electrode on the opposite side of the
n-type first SiC epitaxial layer from the first electrode.

10. The method according to claim 9, wherein the concen-

10 tration of the element A forming at least one of the combina-

tions in the p-type second SiC epitaxial layer is not lower than
1x10*® cm™ and not higher than 5x10*” cm ™.

11. The method according to claim 9, wherein the ratio of
the concentration of the element D to the concentration of the

15 element A in the at least one of the combinations is higher

than 0.40 but lower than 0.95.
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